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Activation energiesThe reaction kinetics of the decomposition of 1,3-disilacyclobutane (DSCB) was investigated using a hot-wire
chemical vapor deposition reactor. The reaction products were monitored using a vacuum ultraviolet laser
single-photon ionization source coupled with a time-of-ﬂight mass spectrometer. Steady-state approximation
was used to determine the rate constants for threemain decomposition pathways of DSCB: the exocyclic H2 elim-
ination (k1), the cycloreversion (k2), and the ring-opening via 1,2-H shift (k3). Separate k2 and k3were not obtain-
ed, but 2k2+ k3 and k1were determined. The activation energy (Ea) for the exocyclic H2 elimination reactionwas
determined to be 63.5 kJ·mol−1. Compared to the Ea value of 43.6 kJ·mol−1 previously obtained under collision-
free conditions at much lower pressures, the value from this work is higher. This is attributed to the ﬁlament
aging caused by the formation of silicon carbide (SiC) and tungsten sub-carbide (W2C) on the wire surface.
The heterogeneous reactions on the metal surface also led to a much faster decay constant, koverall, for DSCB
than those for each individual decomposition pathway, k1 and 2k2 + k3.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Thin ﬁlms of silicon carbides (SiC) possess superior mechanical and
electronic properties that allow them to be used as window layers in
solar cells, as well as in many high-power and high-temperature appli-
cations. Hot-wire chemical vapor deposition (HWCVD) has emerged as
awell-versed technique that can deposit high-quality SiC thinﬁlms. 1,3-
Disilacyclobutane (DSCB) is considered as a promising single-source
precursor for SiC thin ﬁlm materials using CVD methods [1–3] due to
the built-in 1:1 Si:C stoichiometry that matches the one in SiC. Recently,
we have investigated the decomposition chemistry of DSCB when it is
used as a precursor gas in a HWCVD reactor [4]. It was found that ring
stabilization in DSCB as compared to itsmonosilacyclobutane analogues
promoted exocyclic bond cleavages, which mainly led to the formation
of a cyclic silylene, i.e., 1,3-disilacyclobut-1-ylidene, and molecular hy-
drogen (Eq. (1)).
ð1Þ
In addition to the exocyclic H2 elimination, DSCB was shown to un-
dergo cycloreversion to form two silenes (Eq. (2)), as well as a 1,2-H
shift-initiated ring opening to form two pairs of silene and silylene spe-
cies (Eq. (3)).ð2Þ
ð3Þ
Our ab initio calculations indicated the dominance of the ring open-
ing of DSCB initiated by 1,2-H shift over the cycloreversion reactions,
both kinetically and thermodynamically at 0 and 298 K [5]. We also cal-
culated various H2 elimination pathways, including both the stepwise
and concerted 1,1-, 1,2-, and 1,3-H2 elimination reactions using the
second-order Møller–Plesset (MP2) perturbation theory and the
coupled clustermethodswith single, double, and perturbative triple ex-
citation (CCSD(T)). At the CCSD(T)/6-311++G(3d,2p) //MP2/6-
311++G(d,p) level of theory, the concerted 1,1-H2 elimination has
only slightly higher activation barrier (62.2 kcal·mol−1, i.e., 260
kJ·mol−1) than that of the 1,2-H shift-initiated ring opening reaction
(59.9 kcal·mol−1, i.e., 251 kJ·mol−1), therefore the 1,1-H2 elimination
route is kinetically competitive with the ring opening via 1,2-H shift.
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scale for the SiC thin ﬁlm formation using HWCVD, information is
desired on chemical kinetics of the gas-phase reactions responsible for
the ﬁlm deposition. Our previous work on the mechanistic studies [4]
and theoretical calculations [5] of the major decomposition pathways
has paved the way for us to determine experimentally the rate
constants for each pathway, which is the purpose of this work. We
have also studied the dependence of rate constants on temperature,
from which the activation energies (Ea) for individual decomposition
pathway are determined. A comparison of the obtained Ea values in
this work with those under the collision-free setup from our previous
study [4] helps answer the question whether the reactions in the
HWCVD reactor are governed by heterogeneous reactions on the
hot-wire surface or the reactions in the gas phase. The outcome of this
study will help construct a kinetic model for DSCB when they are used
in a HWCVD reactor. This is crucial for their future industrial applica-
tions, since both the efﬁciency and proﬁtability of the process relies
heavily on knowledge of the rates of chemical reactions in the gas
phase and their dependence on parameters such as concentration and
temperature.
2. Experimental details
The experimental setup of the HWCVD reactor and the laser ioniza-
tion time-of-ﬂight (TOF)mass spectrometer (MS) used in this work has
been described elsewhere [6–8]. Brieﬂy, a 10-cm long tungsten ﬁlament
(D = 0.5 mm, 99.9+%, Aldrich) was placed in a stainless steel HWCVD
reactor, connected to a linear TOF mass spectrometer (R. M. Jordan) via
a 0.15mmdiameter pinhole. The ﬁlamentwas resistively heated using a
DC power supply (Agilent, N5744A) and its surface temperature was
measured by a two-color IR pyrometer (Chino Works). The ﬁlament
temperature was controlled and recorded using LabView®. Gaseous
mixtures of DSCB and helium (99.999%, Praxair) were introduced into
the reactor using a mass ﬂow controller (MKS, type 1179A). The
pressures inside the reactor were monitored by a capacitance
manometer (MKS Baratron, type 626A). The chemical species produced
from gas-phase reactions in the HWCVD reactor were detected by a
nonresonant single-photon ionization (SPI) using 118 nm VUV
(10.5 eV) photons in tandem with the TOF mass spectrometer.
The VUV laser radiation was generated by frequency tripling the
355 nm UV output of a commercial Nd:YAG laser (Spectra Physics, Lab
170-10) in a gas cell containing 2.80 × 104 Pa (i.e., 210 Torr) of a 10:1
Ar/Xe gas mixture.
DSCB was synthesized by reducing 1,1,3,3-tetrachloro-1,3-
disilacyclobutane (TCDSCB) with LiAlH4 (Alfa Aesar, powder, 97%)
according to a previously reported method [9]. TCDSCB was prepared
by reacting 1,1,3,3-tetraethoxy-1,3-disilacyclobutane (Starﬁre systems)
with acetyl chloride (Sigma-Aldrich, ≥99%) and ferric chloride (Sigma-
Aldrich, 97%) following the method proposed by Shen [10]. The
structure and purity of DSCB (N98%) were checked by 1H NMR (nuclear
magnetic resonance), 13C NMR, gas chromatography–mass spectrome-
try, and our in-house TOF MS analysis. Diluted gaseous samples of
DSCB, in helium were prepared by entraining the room-temperature
DSCB vapor in helium after degassing its liquid sample through several
cycles of ‘freeze–pump–thaw’.
A fresh ﬁlament was used for each kinetic run at a speciﬁed temper-
ature and pressure. The ﬁlament was etched using 1.33 × 103 Pa
(i.e., 10 Torr) of 10% H2/He mixture at 2000 °C for 60 min before
introducing the sample gas. Filament temperatures in the range of
1000–1300 °C were studied at increments of 50 °C. The total pressure
was kept constant at 2.00 × 103 Pa (i.e., 15 Torr). In each kinetic run, a
mass spectrum was collected every 1–2 min after the ﬁlament was
turned on for a period up to 60 min. A calibration curve to relate the
peak intensity to its concentration was constructed for each kinetic
run by recording the room-temperature mass spectra of 1% DSCB in
He in the reactor at each of the pressures of 6.67 × 102 Pa,1.33 × 103 Pa, 2.00 × 103 Pa, 2.67 × 103 Pa, and 3.33 × 103 Pa. This
corresponds to 6.67 Pa, 13.3 Pa, 20.0 Pa, 26.7 Pa, and 33.3 Pa of DSCB
when 1% DSCB/He mixture is used. Assuming ideal gas behavior, the
concentration of a given species, X, in units of mol·L−1 was calculated
by the following formula:
X½  ¼ Int Xð Þ mþ n
RT
ð4Þ
where Int(X) is the peak intensity of the species X,m and n are the slope
and the intercept of the calibration line, R is the universal gas constant,
and T is room temperature. Filament-off mass spectra of the actual
reaction samples were recorded to obtain the initial concentration of
DSCB. In addition, Eq. (4) was also used to calculate the concentrations
of the stable gaseous products formed from the gas-phase reactions.
This is reasonable since the ionization cross sections tend to be uniform
from molecule to molecule for single-photon ionization using a VUV
photon due to its non-resonant nature [11,12].
The rate constants for the main decomposition pathways for DSCB
were determined by applying the steady-state approximation (SSA) to
the reactive intermediates (e.g., silenes or silylenes) in the reaction
mechanism. This allows for the calculation of the rate constant for a
given decomposition pathway (e.g., k1, k2, and k3) in terms of the
steady-state rates of formation of the stable products [13,14]. For
example, consider that a reactant A decomposes into the stable
products, B, C, and D, following a multi-step mechanism, the rate
constant (ki) can be given by:
ki ¼
bRssB þ cRssC þ dRssD
a A½  ð5Þ
where RBss, RCss and RDss are the steady-state rates of formation of products
B, C and D, respectively, and the coefﬁcients a, b, c and d, are constants
derived by applying the SSA to the proposed mechanism. The steady-
state rates of formation (Rss) were determined by plotting the concen-
tration in mol·L−1 for each of the main stable products as a function
of reaction time in seconds. In most of the experiments performed in
this work, an initial rise in the concentration of the stable products
was observed, followed by a decrease due to the aging of ﬁlaments by
metal alloy formation. Rss was obtained by linear ﬁtting of the rising
part in the plot.
3. Results and discussion
3.1. Determining the gas temperature inside the HWCVD reactor
In order to estimate the activation energies for the major decompo-
sition pathways, the gas temperature inside the HWCVD reactor need to
be determined. As proposed byMankelevich et al. [15], the gas temper-
ature, T(r), as function of the distance (r) away from a hot ﬁlament can
be modeled by:
T rð Þ ¼ Tn f 1− TL=Tnf
 2 ln r=Rf = ln L=Rf 
h i1=2
ð6Þ
where Tnf and TL are the gas temperatures near the ﬁlament and at a
ﬁxed distance L from the ﬁlament, respectively. r is a variable
representing the distance from the ﬁlament surface, and Rf is the
ﬁlament radius. Good agreements were shown between the gas-phase
temperature calculated using Eq. (6) and those from experimental
measurements in HWCVD reactors [16–18]. For TL and L, it is possible
to use the substrate temperature and the ﬁlament-substrate gap,
respectively [15]. In our reactor, this gap was represented by the
distance between the ﬁlament and the small pinhole connecting the
reactor to the ionization chamber, and it was equal to 5 cm. The temper-
ature of the HWCVD reactor wall was measured in our experiments
using a type-K thermocouple. The wall temperature has increased
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temperature (Tf) was ﬁxed at 1473 K (i.e., 1200 °C). Therefore, TL was
taken to be 298 K. According to previous studies in the literature [16,
19,20], the near-ﬁlament temperature (Tnf) was estimated to be 500 K
lower than Tfwhen Tf=2700 K. In thiswork, the ﬁlament temperatures
tested are much lower at 1273–1573 K, therefore Tnfwas considered to
be equal to Tf− 250 K. By integrating Eq. (6) over the ﬁlament-pinhole
distance of 5 cm, and averaging the deﬁnite integral according to Eq. (7),
the average gas temperatures corresponding to each Tf in the range of
1273–1573 K were obtained.
T ¼ 1
b−a
Zb
a
T rð Þdr ð7Þ
where a and b are 0 and 5 cm, respectively. Values of the average gas
temperatures corresponding to each Tf are listed in Table 1.3.08
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The kinetics of the decomposition reactions of DSCB were studied
based on the reaction mechanism proposed in our previous work on
its decomposition chemistry in the HWCVD reactor [4]. The three
main decomposition pathways were found to be the formation of 1,3-
disilcuclobut-1-ylidene (Eq. (1)), the cycloreversion to form two silenes
(Eq. (2)), and the ring-opening via 1,2-H shift (Eq. (3)). Under the
operating DSCB pressures of 16.0–64.0 Pa in the reactor, four major
stable products of 1-methyl-1,3-disilacyclobutane (102 amu), 1-silyl-
1,3-disilacyclobutane (118 amu), 1-methylsilyl-1,3-disilacyclobutane
(132 amu), and 1,1′-bis(1,3-disilacyclobutane) (174 amu) were
detected. Among them, only the peak intensities of m/z 102 and 174
are sufﬁciently strong to obtain reliable steady-state rates of formation
for the two products. The formation of the product of 1,1′-bis(1,3-
disilacyclobutane) (174 amu) involves the insertion of 1,3-
disilcuclobut-1-ylidene into the Si–H bond in DSCB (Eq. (8)), whereas
1-methyl-1,3-disilacyclobutane (102 amu) originates from the cycload-
dition reaction of silene and methylsilene (Eq. (9)) [4].
ð8Þ3.07
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6  
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l/LTable 1
Average gas temperatures (Tgas) in theHWCVD reactor for differentﬁlament temperatures
(Tf) and the rate constants for the decomposition reactions of DSCB at a reactor pressure of
2.00 × 103 Pa and various Tf's.
Tf (K) Tgas (K) k1 × 105 (s−1) (2k2 + k3) × 105 (s−1) koverall × 105 (s−1)
1273 584 0.473 1.01 151
1323 605 1.21 –a 320
1373 625 2.57 0.667 317
1423 646 –a –a 701
1473 669 2.63 2.28 399
1523 687 –a 1.89 977
1573 708 6.55 1.01 844
a Some values of k1 and 2k2 + k3 were not reported due to the inability to obtain R174ss
and R102ss .ð9Þ
Applying the steady-state approximation to the intermediates
involved in the proposed mechanism (including Eqs. 1–3, 8, and 9),
the rate constants k1 (H2 elimination), k2 (cycloreversion), and k3
(ring opening via 1,2-H shift) can be expressed by the following three
equations.
k1 ¼ R
ss
174
DSCB½  ð10Þ
k2 ¼ R
ss
102−2ΦR
ss
102
2 1−Φð Þ DSCB½  ð11Þ
k3 ¼ R
ss
102
1−Φð Þ DSCB½  ð12Þ
where R102ss and R174ss represent the steady-state rate of formation of the
stable products with a mass of 102 amu and 174 amu, respectively,
[DSCB] is the concentration of DSCB, and Φ is the branching ratio to
produce H2Si = CH2 in reaction (3). Separate expressions for k2 and k3
could not be derived since the branching ratio, Φ, is not known.0 600 1200 1800 2400
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Fig. 1. Plots of the concentration vs. time to determine the rates of formation of the stable
products at (a) m/z 102, and (b) m/z 174 from 2.00 × 103 Pa of 1% DSCB in He in the
HWCVD reactor at a W ﬁlament temperature of 1273 K.
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Fig. 3. Arrhenius plot for the exocyclic H2 elimination reaction for 1% DSCB at a reactor
pressure of 2.00 × 103 Pa.
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242 I. Badran, Y.J. Shi / Thin Solid Films 595 (2015) 239–243However, from Eqs. (11) and (12), an expression for 2k2 + k3 can be
obtained in terms of R102ss and [DSCB].
2k2 þ k3 ¼ 2R
ss
102
DSCB½  ð13Þ
Fig. 1 shows the typical plots of product concentration vs. reaction
time for obtaining the rates of formation for the two products at Tf =
1273 K. From the obtained values of R102ss and R174ss , the rate constants
of k1 and 2k2 + k3 can be determined.
3.3. The temperature dependence of the rate constants of DSCB
decomposition reactions
The effect of temperature on the kinetics of the DSCB decomposition
reactions was studied in the ﬁlament temperature range of
1273–1573 K, which corresponds to a gas temperature ranging from
584 to 708 K. The experiments were performed at a ﬁxed total pressure
of 2.00×103 Pa for the 1%DSCB/Hemixture in the reactor. DSCB kinetics
was dramatically fast at Tf greater than 1573 K due to the dominance of
the DSCB-ﬁlament surface reactions, therefore, Tf's beyond 1573 Kwere
not explored. The values of rate constants k1 and 2k2 + k3 for the three
main decomposition pathways of DSCB, represented in Eqs. (1) to (3)
and determined from the steady-state rates of formation for the stable
products as explained in the previous section, are listed in Table 1. In
the experiments performed using 1% DSCB/He samples in the reactor
at constant Tf's, the DSCB peak intensity showed a fast decay, which
obeyed ﬁrst-order kinetics. Fig. 2 shows a typical plot of the natural
logarithm of the DSCB peak intensity, I(m/z 88). The values of overall
ﬁrst-order decay constant (koverall) at different temperatures are also
tabulated in Table 1.
The rate constant of H2 elimination reaction from DSCB, k1, showed
an Arrhenius behavior within the temperature range 1273–1573 K at
a reactor pressure of 2.00 × 103 Pa (Fig. 3). The activation energy, Ea,
for the H2 elimination was determined to be 63.5 kJ·mol−1. In our
previous work on studying the decomposition mechanism of DSCB on
the hot W ﬁlament [4], we were able to determine the Ea value for the
formation of molecular hydrogen on a W wire to be 43.6 kJ·mol−1.
This value was obtained under the collision-free conditions, where the
reactions in the gas phase were not possible to occur. The dissociation
of DSCB on the hot W surfaces follows a dissociative adsorption
mechanism where the rate-determining step (RDS) is the initial Si–H
bond rupture on the surface [7,21]. Due to the much higher pressures,
the reactions in the HWCVD setup, that were studied in this work, are
more complex involving both the heterogeneous reactions on the0 200 400 600 800 1000 1200 1400
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Fig. 2. The 1st order decay of DSCB peak intensity at a W ﬁlament temperature of 1273 K.metal surfaces and the reactions in the gas phase. Fig. 4 shows a
comparison between the activation energy obtained in this study and
those obtained in the collision-free experiments [4], in pyrolysis [22],
and in theoretical calculations [5]. The Ea value for the 1,1-H2
elimination obtained from this kinetic study at 63.5 kJ·mol−1 in the
reactor setup is higher than 43.6 kJ·mol−1 determined from the
collision-free setup. Two reasons could contribute to this difference:
1) there is a contribution from the concerted molecular elimination of
H2 in the gas phase, which requires higher activation energy; 2) the
structure of W ﬁlament is changed after exposure to DSCB, leading to
an increase in the activation energy. The activation enthalpy for the
concerted 1,1-H2 elimination from DSCB in the gas-phase was
calculated to be 62.2 kcal·mol−1 (i.e., 260 kJ·mol−1) [5], which is not
consistent with the determined value of 63.5 kJ·mol−1. Therefore, the
contribution from the gas-phase molecular elimination of H2 can be
discounted. From our examination on the structures of W ﬁlaments
after being exposed to DSCB source gases, we found that crystalline
SiC and tungsten sub-carbide (W2C)were formed on theWwire surface
in the ﬁlament temperature range studied in this work. This provides
strong support that the structural change in W ﬁlament, or ﬁlament0
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Fig. 4. Comparison of the activation energies of DSCBdecomposition reactions determined
from experiments (a) using a HWCVD reactor (this work), (b) under collision-free condi-
tions (Ref. [4]), (c) pyrolysis (Ref. [20]), and (d) from theoretical calculations (Ref. [5]).
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reaction in the reactor setup as compared to the value determined from
the low-temperature collision-free conditions. This agrees with a
previous study that also showed an increase in the activation energy
for the production of SiH3 radicals from SiH4 decomposition on W
wires due to the formation of W5Si3 on the metal wires after exposure
to SiH4 [23]. Although the Ea value for the H2 elimination reaction is
higher in the reactor setup, it is still much lower than the theoretical
value (260 kJ·mol−1). This suggests that the SiC or W2C still catalyzes
the H2 elimination, although they are not as good a catalyst as the W
metal itself.
As shown in Table 1, the rate constant for the overall decay of DSCB,
koverall, is much higher than those of the individual decomposition
pathways, k1 and 2k2 + k3. This is mainly due to reactions of DSCB
and its decomposition products with the W ﬁlament to form metal
carbide and silicon carbide on the wire surface, as discussed above.
Auner et al. studied the pyrolysis of DSCB in a low-pressure ﬂow system
in the temperatures ranging from 516 to 573 °C [22]. It was found that
the primary reaction in the pyrolysis was the ring opening initiated by
1,2-H shift (Eq. (3)) to form silylene and silene species. In the presence
of H2, monomethylsilane and dimethylsilane were formed as the major
products detected. The Ea for the overall decomposition of DSCB by the
pyrolysis was determined to be 230 kJ·mol−1, also shown in Fig. 4. This
Ea value is close to the calculated one at 59.9 kcal·mol−1 (i.e., 251
kJ·mol−1) using ab initio methods for the ring opening reaction [5].
This is in agreement with the claim that the main decomposition
route in pyrolysis is the 1,2-H shift-initiated ring-opening reaction.
Unfortunately, from the determined 2k2 + k3, the Ea value for route 3
(ring opening) cannot be obtained, making it impossible to compare
with the pyrolysis value.
4. Conclusions
The reaction kinetics of DSCB was studied under practical HWCVD
pressures and temperatures in a reactor setup. The steady-state approx-
imation (SSA) method was employed to deduce the rate constants for
the main decomposition pathways for DSCB in terms of the rates of
formation for the stable products. From this, the rate constant for the
DSCB decomposition to formH2, k1, was determined. The rate constants
for the other two decomposition channels, cycloreversion (k2) and 1,2-
H shift-initiated ring opening reaction (k3), were determined in the
form of 2k2 + k3. In addition, the ﬁrst-order decay constants for DSCB,
koverall, were obtained. The temperature dependence of these rate
constants was investigated in the Tf range of 1273–1573 K. The
activation energies for the H2 elimination reaction for DSCB was
determined to be 63.5 kJ·mol−1 in the reactor setup where the total
pressure is maintained at 2.00 × 103 Pa. This Ea value is much higher
than the one obtained previously at 43.6 kJ·mol−1 under collision-
free conditions at much lower pressures, and this is due to the ﬁlament
aging caused by the formation of SiC and W2C on the wire surface. The
heterogeneous reactions on the metal surface also led to a much faster
decay constant for DSCB than those for each individual decomposition
pathway, k1 and 2k2 + k3. The importance of this kinetic study is two-
fold. On one hand, it shapes a methodology to study the kinetics of the
complex reactions involved in the HWCVD reactor. Using this method,
it was possible to determine the rate constants for the decomposition
reactions in the reactor setup and their corresponding Ea values. On
the other hand, the data provided in this work can contribute to the
construction of a kinetic model for using DSCB as a source gas in an
industrial HWCVD reactor.Acknowledgments
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